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The question of whether biofuels help mitigate climate change has attracted much debate in the literature. Using a global computable general equilibrium model that explicitly represents land-use change impacts due to the expansion of biofuels, this study attempts to shed some light on this question. The study shows that if biofuel mandates and targets currently announced by more than 40 countries around the world are implemented by 2020 using crop feedstocks, and if both forests and pasture lands are used to meet the new land demands for biofuel expansion, this would cause a net increase of greenhouse gas emissions released to the atmosphere until 2043, since the cumulative greenhouse gas emissions released This paper is a product of the Environment and Energy Team, Development Research Group. It is part of a larger effort by the World Bank to provide open access to its research and make a contribution to development policy discussions around the world. Policy Research Working Papers are also posted on the Web at http://econ.worldbank.org. The author may be contacted at gtimilsina@worldbank.org. through land-use change would exceed the reduction of emissions due to replacement of gasoline and diesel until then. However, if the use of forest lands is avoided by channeling only pasture lands to meet the demand for new lands, a net increase of cumulative greenhouse gas emissions would occur but would cease by 2021, only a year after the assumed full implementation of the mandates and targets. The study also shows, contrary to common perceptions, that the rate of deforestation does not increase with the rate of biofuel expansion; instead, the marginal rate of deforestation and corresponding land-use emissions decrease even if the production of biofuels increases.
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Introduction
The question of whether or not biofuels help mitigate climate change has attracted a long debate in the literature. If indirect emissions, such as those released through land-use change during the expansion of agricultural lands for biofuels production, are ignored, biofuels, undoubtedly, reduce emissions of greenhouse gases (GHGs) through the replacement of fossil fuels (see e.g., OECD, 2008; RFA, 2008; Goldemberg et al. 2008; Macedo et a. 2008) 2 . On other hand, if land-use change related emissions are accounted for, there is no consensus in the literature on the impact of biofuels on net GHG emissions. Searchinger et al. (2008) argue that the use of current agricultural land for biofuel production will release, mainly through indirect land-use change, as much GHG emissions as corn-based ethanol can mitigate in 167 years through fossil fuel replacement in the US. Ogg (2008) blames European biofuel subsidies for rainforest loss in Indonesia. Fargione et al. (2008) assert that it would take 48 years to repay the 'carbon debt' incurred if Conservation Reserve Program land is converted to corn ethanol production in the US; over 300 years to repay if Amazonian rainforest is converted for soybean biodiesel production; and over 400 years to repay if tropical peatland rainforest is converted for palm-oil biodiesel production in Indonesia or Malaysia. Similarly, Danielsen et al. (2009)] show that 75 to 93 years of biofuel use would be necessary before carbon savings could be gained from forest conversion 3 .
In the context of this ongoing debate, this study aims to investigate further the effects of large-scale biofuels expansion on GHG emissions, accounting for both the reduction of fossil fuel based emissions and the increase in emissions through land-use change. In contrast to most existing studies, which employ a partial equilibrium approach, we employ a global computable general equilibrium (CGE) model of the world economy, representing multiple countries or regions. The advantage a CGE model has over a partial equilibrium model is that it captures the interactions between various sectors and agents and reveals the economy-wide 2 Menichetti and Otto (2009) review 30 studies that estimate, using a life-cycle approach, the GHG mitigation potential of various biofuel feedstocks. Most studies they considered found net mitigation of GHG emissions when emissions related to land-use change were excluded. 3 Please see existing studies, such as Timilsina & Shrestha (2010) , for detailed review of literature on the climate change impacts of biofuels. 3 impacts of a policy or activity (e.g., large-scale expansion of biofuels). On the other hand, a partial equilibrium approach examines an issue in an isolated market (or sector) under a ceteris paribus assumption, thereby neglecting the economy wide interactions of a policy or activity.
Another key limitation of the existing literature examining the climate change mitigation impacts of biofuels including indirect emissions through land-use change is that they are often based on isolated case studies that consider producing biofuels from particular, and in many cases, the most vulnerable, land types. For example, Fargione et al. (2008) consider conversion of the Brazilian Amazon to produce soybean based biodiesel; Malaysian and Indonesian lowland, as well as peat land tropical rain forests, to produce palm oil based biodiesel; and U.S. central grassland to produce ethanol. Instead of assigning a particular land type to a specific biofuel feedstock, our model follows the market principle in reallocating lands based on farmers' choice of agricultural commodities to maximize their profits.
We analyzed two scenarios: (i) the implementation of already announced biofuel targets, and (ii) the implementation of an enhanced target scenario that doubles the announced targets and also sets a 10% biofuel targets for countries which have not announced any targets yet. Our analysis shows that the cumulative GHG emissions from land-use change exceed the emission reductions caused by the substitution of biofuels for fossil fuels in the short to medium turn, thereby causing a net release of emissions into the atmosphere. The reverse would happen over a longer time horizon, leading to a net reduction of emissions. This paper is organized as follows. Section two briefly describes the CGE model employed in the study, followed by discussion of annual GHG emissions during the study period. Section 4 presents the emission balance from a cumulative perspective for a better comparison of emissions reduction through fossil fuel replacement and emissions release through deforestation. Section 5 discusses whether land use emissions can be reduced. Section 6 concludes the paper. The 28 sectors are depicted by a set of nested constant elasticity of substitution (CES) production functions. At the top level of the production structure, that is, in the final goods sectors, firms minimize costs, i.e., maximize profits, by choosing an optimal combination of non energy intermediate input (ND) and value added + energy input (VAE). The inputs are assumed to be perfect complements so that the elasticity of substitution between the two factors equals 0 as dictated by a Leontief function. Based on the demand for ND and VAE, the firms on the second level of the production tree again minimize costs by choosing combinations of inputs that are supplied by firms on the next lower production level, and so forth. In total, the economy is represented by 7 production tiers (see Figures 1a-1c ).
The government derives revenues from a number of indirect taxes, import duties and a direct tax on households. Government expenditures are an exogenously determined share of nominal GDP. Government revenues equal the sum of government expenditures and government savings; the direct tax on households is adjusted each period to ensure a balanced public budget.
Households maximize utility, which is represented by a non-homothetic Constant Difference of Elasticities (CDE) function 4 , subject to the budget constraint. The households' disposable income consists of the factor incomes (net of taxes) minus the direct tax. A household savings rate determines the fraction of disposable income that is saved and thus 4 See Surry (1993) for details on this functional specification . 5 available for investments. Hence, total national income goes to government expenditures, household expenditures, and investments.
International trade is modeled by a system of Armington demands that give rise to flows of goods and services between the regions. At the national/regional level, import demand is driven by CES functions of domestic and imported components of demand for Armington commodities. Export supply is depicted by a two tier constant elasticity of transformation (CET) function, where, on the first tier, the total output of a sector is designated either to total exports or to domestic supply, and, at the second tier, total exports are partitioned according to their destinations.
The endogenous driver of the dynamics in the model is the vintage capital structure. The capital stock is composed of old and new capital, where new corresponds to the capital investments at the beginning of the period and old corresponds to the capital installed in previous periods. The ratio of new to old capital is also a measure of the flexibility of the economy as new capital is assumed to be perfectly mobile across sectors. Furthermore, a fraction of the old capital depreciates each period.
Population and productivity growth are exogenous drivers of the model's dynamics. The former is taken from the projections of the United Nations Population Division, where labor force growth corresponds to the growth of the population aged 15-64 years. Productivity growth is modeled as factor neutral for agricultural sectors and labor augmenting for industrial and service sectors. Productivity of energy follows an autonomous energy efficiency improvement (AEEI) path so that there is no endogenous technological change in the model.
To ensure equilibrium in the model, three sets of market clearing conditions are met.
First, total production of each commodity equals the sum of domestic consumption and exports so that the goods and services markets clear. Second, total investment equals total savings, where savings are composed of private (household) savings, public (government) savings and exogenously fixed foreign savings. Third, factor markets clear, which implies full employment. 6 As biofuels are not a proper sector in the original GTAP 7.0 database, we modified it in a way that allowed us to introduce biofuels sectors in our CGE model. This was done according to the following procedure. Based on detailed information collected on production, consumption and trade, a total of seven new sectors 5 have been created by splitting existing GTAP sectors.
The Splitcom 6 software developed by Horridge (2005) was used to process the splits and keep the global social accounting matrix balanced. In the next step, the energy bundle of the model was augmented in order to integrate the new biofuel and fossil fuel sectors (see Figure 1c) . A detailed description of the biofuel module used here can be found in . 
(c) Biofuel Demand
Land use change is induced by changes in the relative returns to land. Within each of the CET nests of our land module, agents maximize payoffs by optimally allocating the fixed land area for this nest to the various competing crops. Hence, at the first level, land is optimally divided between forests, pasture and crop land. Given these allocations, profit maximization takes place at the second tier, thus allocating the total available crop land to the four crop categories. Finally, the area designated to grains and oilseeds is optimally allocated among its four sub-categories. This means that changes in the relative returns to land use types lead to the reallocation of acreage to the various categories, thus instigating land use changes such as deforestation.
Like in any CGE model, the main data needed are in two folds: (i) social accounting matrix (SAM) and (ii) elasticity parameters. Please refer to for detailed information on data and their sources. 
Methodology for GHG Emission Accounting
Emissions from fossil fuel consumption are estimated by multiplying fuel consumption by their emission coefficients or carbon content. The emission coefficients are calibrated using fuel consumption and CO 2 emissions data maintained by International Energy Agency (IEA, 2009 ). Fossil fuel related CO 2 emissions reduction under a scenario is calculated by subtracting emissions under the scenario from that in the baseline.
GHG emissions from land-use change are calculated by multiplying the amount of forest land converted to crop land by the carbon stock change entailed in the conversion. We followed the IPCC Tier I approach, according to which, three types of carbon pools are accounted for: (i) change in carbon stock from aboveground biomass; (ii) change in carbon stock from below ground biomass and (iii) change in soil carbon stock. While calculating CO 2 emissions from deforestation, we differentiated CO 2 emissions per hectare of land across agroecological zones (AEZ). Emission stocks by type of AEZ are presented in the Appendix.
While estimating GHG emissions from aboveground and underground biomass, special care is taken to differentiate between the cumulative and annual emissions. This is an important issue as emission accounting for fossil fuel consumption and land-use change are different. For fossil fuel, the difference in emissions between the scenario and the baseline in a year is annual emissions, whereas the same in the case of land-use change is cumulative emissions. In other words, the change in land-use related GHG emissions between a biofuel scenario and baseline in a year cannot be directly added to the similar change in emissions from fossil fuel consumption as the former is a cumulative emission whereas the latter is an annual emission. 
Definitions of Baseline and Scenarios
The baseline announced targets keeping the timing of the implementation of the targets unchanged. We refer to this scenario as the enhanced target scenario (hereafter the 'ET' scenario). In India, however, we retain the AT target level, because it is already extremely high (16.7% in 2020).
The shares of biofuels, calculated in terms of energy content, under the baseline and scenarios are presented in Figure 3 .
To implement the mandates, we follow standard practice with CGE modeling by calculating the level of per-unit domestic consumption subsidies needed to achieve the desired biofuel demands. We assume that governments tax gasoline and diesel to find additional revenue to finance the subsidies required to realize the targets. The taxation of gasoline and diesel does not only provide needed revenue, but also helps lower the level of subsidies on biofuels because it induces lower total demand for fuels. The revenue neutral tax rates, however, turn out to be very small due to the large tax base. For more information on level of subsidies and corresponding revenue neutral tax rates, please refer to .
Some countries, such as U.S., Brazil, Malaysia and South Africa, meet their announced targets before 2020 due to existing policies (current mandates and subsidies). For these countries we assumed that the AT scenario follows the baseline starting from the year they first become binding. For example, Brazil meets the announced targets before 2009; therefore we do not impose an additional policy requirement prior to 2020 in Brazil. In the United States, the baseline would be equal to AT scenario by 2015 and we assumed that they be the same thereafter until 2020. 
GHG Emissions from Biofuel Expansion
We calculate GHG emissions from two types of activities: (i) consumption of fossil fuels in various economic sectors, such as power, industry and residential and commercial; and (ii) deforestation caused by the expansion of cultivated area for biofuels. We then compare these emissions under a scenario with the corresponding emissions in the baseline to determine whether an expansion of biofuels would cause a net increase or decrease of emissions to the atmosphere. The figure clearly illustrates that the annual emissions released from deforestation due to biofuel expansion would be higher than emission avoided through the replacement of fossil fuels with biofuels until 2023. Thus, the expansion of biofuels would cause a net increase of annual CO 2 emissions to the atmosphere until 2023. However, the net annual emission released to the atmosphere is decreasing overtime despite the fact that the production of biofuels is increasing. If we extend the trends of biofuel penetration beyond 2020, the net annual emissions start to turn to negative after 2023 thereby causing the net reduction of annual CO 2 emissions from the baseline level 10 .
The reason as to why biofuels causes net reductions of GHG emissions in the long-run is as follows. The increasing penetration of biofuels would mean greater replacement of fossil fuels with biofuels. While the total land required to produce biofuels does increase over time, the incremental land requirement would be decreasing each year. This implies that the marginal rate of land conversion or deforestation 11 due to the expansion of biofuels is decreasing over time as depicted in Figure 5 . The figure shows that the rate of marginal deforestation would diminish to zero by 2040. This implies that if biofuels targets were to met by 2020 and no additional targets were imposed after 2020, deforestation will still occur until 2040, but the rate of deforestation will be decreasing and cease to zero by 2040. In other word, it would take another 20 years to "pay back" the carbon emissions caused by deforestation due to the biofuel targets. More interesting observation in Figure 5 is that the "payback period" is independent to the level of biofuel targets as marginal rate of deforestation would diminish in 2040 in both AT 16 and ET scenarios. This is because, although the higher the biofuel target requires more lands for biofuel production, it would also replace more fossil fuel consumption. As can be seen from the figure 6, initially the number of years is quite large. However, it quickly drops and stabilizes overtime. For example, it would take about 50 years to generate enough GHG mitigation that compensates for the GHG increases due to deforestation activities in 2010. However, as we move ahead in time, less conversion of forest lands to agricultural lands would be needed to meet increasing biofuel demand. By 2020, only 9 more years would be needed to counterbalance the emissions from land-use change with GHG mitigation resulting from fossil fuel substitution if penetration of biofuels is not increased from the level of 2020. In reality, however, penetration of biofuels would be continuously increasing. We assumed that, after year 2020, the level of incentives (i.e., subsidy) for biofuels will remain the same at the level in year 2020 (or no additional incentive was provided, whereas incentives were increasing yearly between 2009 and 2020).
In the baseline, the global penetration of biofuels would reach 7.1% in 2040 as compared to 5.4% in 2020 and 2.9% in 2010. Under the AT and ET scenarios, the penetrations in 2040 would be 9.6% and 13.8%, respectively. On the other hand, the emissions from land-use change start to decline from the year 2030 although the net GHG emissions still remain positive until 2040. This implies that if the announced biofuel targets are met by 2020 and maintained thereafter, the net GHG emissions would remain positive for more than next two decades.
There is a general perception that higher the biofuel penetration the longer would be carbon payback period. Our study, however, shows that the higher penetration of biofuels does not necessarily increase the carbon payback period. This is because a higher penetration of biofuels causes more GHG emissions from land-use change, but at the same time, it also reduces more GHG emissions through fossil fuel substitution. (2009) find the emission payback period or carbon debt of implementing announced targets to be 30 to 50 years whereas our study finds it to be about 17 years.
Can Land-use Emissions be Reduced?
The key challenge to the expansion of biofuels from a climate change mitigation perspective is the emissions released to the atmosphere through land-use change, particularly deforestation. Table 1 Some results look rather surprising, for example, huge deforestation in Canada, though not in percentage, and reverse deforestation in Russia. The reason might lie in the data as the model uses a huge database including 113 countries, 57 sectors, and 18 agro-ecological zones in each country. it is thus possible that there might be some issues with the data. Nevertheless, small errors in data for a country are not expected to affect the big-picture results. In fact, the 20 change for Canada may not be a surprise considering the biofuel targets of the country and its duties on biofuel imports. For Thailand, we noticed a lot of diversion of lands not only from forests but also from other crops, such as rice, towards biofuels. However, in some countries like India and Thailand, natural forests are taken to be successfully protected and it is unlikely that demand for biofuels would change the forest protection policy. This implies that if the production of biofuels causes any conversion of land, the new land should come from pasture, not from forest. To capture this, we have developed a scenario where all new lands required for production of biofuels under the AT and ET scenario 21 would come from pasture. In order to check if this scenario a viable one, we compare the available pasture land with deforested land due to biofuel production in the previous AT and ET scenarios (see Table 2 ). reduces from 9 year to just one year as the cumulative net GHG emissions would start to be negative starting from year 2021 (see Figure 8 ). Note in the scenario that assumes meeting biofuels targets without causing deforestation that GHG emissions from land-use change would not be neutralized by GHG mitigation through fossil fuel substitution until 2021 at the global level. This may not be true in some countries where biofuels targets are met before 2020. In those countries carbon neutrality would occur before 2020 but not before the year by which targets will be implemented. This implies that it takes some years to achieve the carbon neutrality of biofuels even if the new land demand for biofuel expansion is met through pasture lands.
Conclusions and Final Remarks
Using a global computable general equilibrium model that explicitly represents land-use change impacts due to the expansion of biofuels, this study attempts to shed light on the biofuels vs. climate change mitigation debate. Our study shows that whether or not meeting the announced or higher biofuel targets reduce global GHG emissions depends mainly on the timeframe involved. Meeting the announced targets by 2020 through first generation biofuels would not cause reduction of GHG emissions until 2020 no matter whether new lands needed for the expansion of biofuels comes from existing forests or pasture lands. On the other hand, meeting the biofuel targets would cause net reduction of GHG emissions in the longer run.
However, the number of years to occur the GHG reductions depends on the types of land conversion needed by the expansion of biofuels. If new lands needed for biofuel expansion is supplied through the existing forest and pasture, the number of years to realize GHG mitigation (also called carbon payback period) would be more than 20 years after the year 2020. On the other hand, if the land is supplied through pasture thereby avoiding deforestation, GHG reduction will occur since 2021, a year after the biofuels targets are met. The results thus imply that the carbon payback period of implementing announced biofuel targets vary between 1 to 23 years depending on how new land demand is met. The scenario of meeting entire new land demand through pasture (i.e., without deforestation) might look unrealistic based on past experience where avoiding deforestation remains as a serious challenge in many countries around the world. Expansion of biofuels might act as a new incentive for further deforestation.
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Our study also finds that the annual rate of deforestation does not increase proportionally along with annual rate of biofuel expansion; instead, marginal deforestation and corresponding emissions decrease even if the production of biofuels increases. This is because, a higher target of biofuels causes more GHG emissions from land-use change, but at the same time, it also reduces more GHG emissions through fossil fuel substitution.
This study has some limitations, such as the restriction of GHG emissions to CO 2 . Other GHG emissions, particularly methane emissions from rice plantation and emission of nitrous oxide from fertilizer use, could be significant. However, land use for rice plantation decreases due to the expansion of biofuels, implying a reduction in total methane emissions from rice fields. The estimates of GHG reduction are thus likely to be conservative. 
